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ABSTRACT: The electrochemical nitrogen reduction reaction (NRR) to ammonia (NH;) is a Ne*+8H"+6e 2NH,
promising alternative route for an NH; synthesis at ambient conditions to the conventional high
temperature and pressure Haber—Bosch process without the need for hydrogen gas. Single metal ions
or atoms are attractive candidates for the catalytic activation of non-reactive nitrogen (N,), and for
future targeted improvement of NRR catalysts, it is of utmost importance to get detailed insights into
structure-performance relationships and mechanisms of N, activation in such structures. Here, we
report density functional theory studies on the NRR catalyzed by single Au and Fe atoms supported in
graphitic C,N materials. Our results show that the metal atoms present in the structure of C,N are the reactive sites, which catalyze
the aforesaid reaction by strong adsorption and activation of N,. We further demonstrate that a lower onset electrode potential is
required for Fe—C,N than for Au—C,N. Thus, Fe—C,N is theoretically predicted to be a potentially better NRR catalyst at ambient
conditions than Au—C,N owing to the larger adsorption energy of N, molecules. Furthermore, we have experimentally shown that
single sites of Au and Fe supported on nitrogen-doped porous carbon are indeed active NRR catalysts. However, in contrast to our
theoretical results, the Au-based catalyst performed slightly better with a Faradaic efficiency (FE) of 10.1% than the Fe-based catalyst
with an FE of 8.4% at —0.2 V vs. RHE. The DFT calculations suggest that this difference is due to the competitive hydrogen
evolution reaction and higher desorption energy of ammonia.

KEYWORDS: electrochemical ammonia synthesis, nitrogen reduction reaction, single metal catalysis, nitrogen-doped carbon,
density functional theory calculations

B INTRODUCTION reduction reaction (NRR) is carried out in an electrochemical
cell. Renewable electricity from solar or wind energy can be
used for NH; production, and no H, gas is needed because N,
reacts with protons and electrons, which are usually generated
by electrochemical splitting of water. However, the ratio of
electrons used for NH; production, denoted as Faradaic
efficiency (FE), is still very low. The major reason for this is
that the hydrogen evolution reaction (HER) competes with
the NRR whenever an aqueous electrolyte is used due to the
similar reaction free energies of both reactions. Therefore, an
ideal NRR catalyst would increase the efficiency, as well as the
selectivity for the NRR over the HER. Recently, noble metal-
based catalysts for NRR were reported.”>~* In particular, gold
(Au) atoms supported on nitrogen-doped porous carbons
(NDPC) as the NRR catalyst have shown to yield an FE of
12.3%.** Since NDPC is a porous system of chelating ligands
that has “noble” character,” Au single sites are present in a
quasi-positive oxidation state. It was suggested that the Au
metal atoms present in the NDPC structure are the active sites

The synthesis of ammonia (NH;) from nitrogen (N,) and
hydrogen (H,) gases is a crucial chemical reaction due to its
applications in fertilizers and as a carbon-free energy carrier."”
Currently, NH; is industrially synthesized by the Haber—
Bosch process using iron (Fe)-based catalysts.”* The N,
molecule, which is quite inert as evident by its large
dissociation energy (~941 kJ mol™),> is first dissociated
upon adsorption on the catalyst before reacting with H atoms
in the Haber—Bosch process.® The dissociation of N,
molecules requires harsh conditions, which is why NHj is
synthesized at high temperature (400—600 °C) and high
pressure (100—200 atm). Although the reaction is exothermic,
high temperatures are necessary to overcome the reaction
barrier, while high pressure is employed to achieve reasonable
reaction rates. Moreover, endothermic steam reforming of
methane, which is being used for H, gas supply, requires high
temperature.7 This consumes a large amount of energy (~1.5%
of the world’s total energy) and contributes ~2% of all
greenhouse gases.3’7 Therefore, an alternative method for the
NH; synthesis at ambient conditions, as well as a clean and Received: July 24, 2020
green source of H, gas, is highly desirable. Accepted:  September 23, 2020
Electrochemical N, reduction, as an alternative and Published: September 23, 2020
promising method for the NH; synthesis at ambient
conditions, has recently gained significant attention in the
scientific community.” " Here, the electrochemical N,
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for the NRR. The N, molecules adsorbed over these Au atoms
are polarized due to the positive charge of Au and the negative
charge of nitrogen atoms of NDPC. This frustrated Lewis pair-
like structure motive is supposed to be the reason for the N—N
bond activation.”*

In this paper, we investigate the mechanism of the NRR
catalyzed by single Au atoms supported in NDPC using
density functional theory (DFT)-based calculations supported
by experimental data. Here, the NDPC is modeled by a C,N
framework, which could be synthesized from a hexaazatriphe-
nylene-hexacarbonitrile (HAT—CN) precursor at a lower
temperature.”® In C,N, the uniformly distributed pores are
potential sites for metal clusters or single metal atoms/ions in
the supported catalyst. The nitrogenase enzyme, which fixes N,
naturally, also contains Fe atoms.”®'? Furthermore, Fe atoms
have partially filled 3d orbitals that can accept the electron
pairs of N, molecules and also can donate electrons to the anti-
bonding molecular orbitals of N, molecules. Hence, the
catalyst containing Fe atoms can strongly interact with N,
molecules and can thus activate the N—N bond. In this spirit,
we also investigate the mechanism of N, activation and
conversion during the electrochemical NRR on Fe—C,N as a
catalyst.

B METHODS

Computational Details. The electrochemical NRR to NHj is
modeled by the following chemical reaction

M-C,N
N, + 6H' + 6e” — 2NH, (1)

where one N, molecule reacts with six protons (H") and six electrons
(e7) to form two NH; molecules. The free energy of formation G of
different intermediates is computed by means of the computational
hydrogen electrode (CHE) method proposed by Nerskov et al.*’
Using the CHE model

AG = AE — TAS + AEp; + eU + AGyy @)

where AE is the electronic energy difference, which is computed using
the DFT potential energy. Moreover, T is the temperature that is set
to 300 K, whereas AS is the difference in entropy. For solids, the
entropy S can be approximated by the vibrational entropy S, that is
computed as

—h
~TS = kT D ln{l - exp(k—;‘]}

B

— Z hy; v

: ) _
’ e"*’(kﬂ) (3)
The entropy S of the gas phase molecules was taken from the

thermochemical data,®® whereas AEp; represents the difference in
the zero point energy E;py, i.e.

1
Epp=—) hy
zPE = Z @

where h, v, and kg are Planck’s constant, the frequency of the normal
mode, and the Boltzmann constant, respectively. In our zero point
energy and vibrational entropy calculations, the normal mode
frequency for all atoms of the system was computed. The electrode
potential is denoted as U and the number of electrons as e, whereas
AG,y is the correction term for pH, i.e.

AG,y = kT X pH X In(10) (s)

The pH contribution is a constant shift in the free energy; hence,
the value of the pH is set to zero.

The C,N support was modeled by using a supercell (CysN,,) with
the lattice parameters a = b= 16.8 A, c = 132 A, a = #=90.0°, and y
= 60.0°. For the sake of simplicity, in our calculations, the C,N model
contains just one atomic layer. In order to decouple the interactions
between two successive C,N layers, a vacuum along the z-axis was
added by increasing the lattice parameter to 13.2 A. Also, at this layer
separation, the adsorption energy is well-converged. The supercell
contains four pores that were filled by four single neutral metal atoms.

All DFT calculations were carried out using the Vienna ab initio
simulation package (VASP)*~*' using the projector-augmented wave
(PAW) method.” The Kohn—Sham orbitals were expanded using a
plane-wave basis set with an energy cutoff of 350 eV, which is
sufficient to reproduce the adsorption energy with an accuracy of 0.01
eV. The PBE exchange—correlation functional”® together with
Grimme’s empirical dispersion correction** (PBE+D3) was employed
in this work. In our DFT calculations, the explicitly treated valence
orbitals are 1s for H, 2s2p for C, 2s2p for N, 3d4s for Fe, and 5d6s for
Au. The first Brillouin zone was sampled using a 2 X 2 X 1
Monkhorst—Pack k-point mesh.* The conjugate gradient scheme was
applied to optimize the structure till the ionic forces were less than
0.001 eV/A. We have explicitly verified that there are no imaginary
frequencies in all of the ground state structures investigated here.

Experimental Details. Synthesis of NDPC: As a precursor,
HAT—-CN was employed and carbonized at 900 °C with a heating
rate of 4 °C min™" for 1 h under a N, flow. Synthesis of gold and iron
single atoms on NDPC (AuSAs—NDPC and FeSAs—NDPC): NDPC
was dispersed in a mixture of water (15 mL) and ethanol (15 mL)
under continuous stirring followed by adding HAuCl, aqueous
solution (0.02 M) of 0.08 mL and FeCl; aqueous solution (0.02 M)
of 0.2 mL. After stirring at room temperature overnight, the product
was collected by centrifugation, washed with water, and dried under
vacuum at 60 °C. Finally, the product was treated at 350 °C for 1 h
under a flow of 5% H, in Ar.

The X-ray powder diffraction (XRD) patterns of the as-obtained
products was measured by a Bruker D8 advance X-ray diffractometer
with Cu Ka radiation. Transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM) studies were carried out with a
double-corrected JEOL ARM 200F instrument operating at 200 kV.
Our N, physisorption isotherms were measured on a Quadrasorb
apparatus from Quantachrome Instruments at —196 °C. The samples
were outgassed at 150 °C for 20 h under vacuum. UV-Vis
spectroscopic measurements were conducted with a Cary 50 UV—
Vis spectrometer. The electrochemical NRR was conducted with a
three-electrode system using 0.1 M HCI aqueous solution as an
electrolyte. Typically, the working electrode was prepared by
depositing an ethanol dispersion of catalyst ink onto a carbon paper
electrode, and a saturated calomel electrode (SCE) and platinum foil
were used as the reference and counter electrode, respectively. All the
potentials in this work were calculated with respect to a reversible
hydrogen electrode (RHE), i.e.

E(RHE) = E(SCE) + 0.24 + 0.059pH (6)

All the gases used have a purity of 99.999%. All the electrochemical
properties were investigated on a Gamry potentiostat. The
determination of NH; was achieved by the indophenol blue method.
In detail, 2 mL of the electrolyte solution after an electrochemical test
was mixed with 2 mL of a 1 M NaOH solution (contains 5 wt %
sodium citrate and S wt % salicylic acid) followed by adding 1 mL of
0.05 M NaClO solution and 0.2 mL of 1 wt % CsFeNNa,O (sodium
nitroferricyanide). The as-obtained solution was measured by UV—
Vis spectroscopy, and the adsorption peak of indophenol blue
appeared at around 655 nm. The FE of NH; was calculated according
to the following equation

_ 3FcV
Q (7)

FE

where F is the Faraday constant, ¢ is the calculated concentration of
NHj;, V is the total volume of the electrolyte within the cathodic
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compartment, and Q is the total charge passed through the
electrochemical system.

B RESULTS AND DISCUSSION

First, the structure of the catalyst was predicted by computing
the binding energy of the isolated metal atom to the C,N
framework. In the C,N scaffold, both C and N atoms are sp*-
hybridized, and the pyrazinic N atoms also have an electron
pair, which could provide an electron donor function to the
metal atom. Our results suggest that the metal forms a bond
with the N atoms of the C,N framework, as shown in Figure
S1 in the Supporting Information. The binding energy per
metal site is —2.40 and —6.59 eV for the Au—C,N and Fe—
C,N catalysts, respectively. A large binding energy is indicative
of a high thermodynamic stability of the catalyst and
theoretically underlines the fact that the C,N material can
act as a chelating ligand leading to a strong stabilization of the
metal species.

We have also computed the potential energy barrier for the
diffusion of metal atoms on the surface from one of the binding
sites to other equivalent positions in the C,N framework by
employing the nudged elastic band (NEB) method.*® There
are five intermediate images in our NEB calculations that were
created by a linear interpolation between the end states. The
force constant of the spring, which connects these intermediate
images, is set to 5.0 eV A% The potential energy surfaces for
the diffusion of Au and Fe atoms in Au—C,N and Fe—C,N are
given in Figures S2 and S3 in the Supporting Information,
respectively. Our results suggest that the corresponding
diffusion barriers are 1.94 and 3.47 eV, respectively. The
relatively high energy barrier for the diffusion of metal atoms
could prevent the formation of the cluster, thus indicating the
kinetic stability of the supported single atoms on the C,N
scaffold.

In the NRR, the first step is the adsorption of N, molecules
on the catalyst. The ideal catalyst would provide strong binding
sites for the N, molecule and thus weaken the N—N bond.
Table 1 shows the free energy of adsorption of a N, molecule

Table 1. The Free Energy of Adsorption AG,q4 at 300 K and
Bond Length dy _  of the N, Molecule over the M—C,N
Catalyst

catalysts AG,4 (eV) dy_n (A)

Au—C,N —0.14 112

Fe—-C,N -0.77 1.147
-0.27 117"

“The N, molecule is adsorbed in an end-on fashion. The N,
molecule is adsorbed in a side-wise fashion.

over the catalyst and the N—N bond length in the adsorbed
state. Over Au—C,N catalyst, the free energy of adsorption of
N, is —0.14 eV, and the N—N bond length is 1.12 A (see
Figure 1a). The N, molecule binds more strongly over the Fe—
C,N catalyst, which entails a free energy of adsorption of
—0.77 eV and a N—N bond length of 1.14 A (see Figure 1b).
In addition, the N, molecule can be adsorbed over Fe—C,N in
a side-wise fashion, as can be seen in Figure lc. The
corresponding free energy is —0.27 eV, and the bond length
is 1.17 A, as compared to 1.12 A in the gas phase. Thus, the
elongation of the N—N bond suggests that the N, molecule is
activated more strongly over the Fe—C,N catalyst. The large
adsorption free energy within Fe—C,N is most likely due to

Figure 1. Atomic structure of a N, molecule adsorbed over Au—C,N
(a) and Fe—C,N in an end-on (b) and side-wise (c) fashion. The
partial point charges (in e unit) of the selected atoms obtained from
Bader charge analysis are shown. Atom color: C—black, N—blue, Au—
yellow, and Fe—pink.

the charge transfer from the N, molecule to the Fe atom and
vice versa (back donation). In Figure 1, the point charges of
selected atoms obtained from the Bader charge analysis are
given.47 In accordance with the free energy, the point charge
on the N, molecule over the Au—C,N catalyst is negligible.
Interestingly, however, the point charges of the N, molecule
adsorbed over Fe—C,N are due to the charge transfer from the
catalyst. The electron density difference plot, shown in Figure
2 (also see Figure S4 of the Supporting Information), further
confirms the presence of sizable charge transfer. More
precisely, the electron density is accumulated on the top N
atom of the N, molecule, as well as along the N—Fe bond,
whereas the electron density is depleted along the N—N bond
and from the Fe atom, as shown in Figure 2.

In the next step, we modeled the NRR catalyzed by M—
C,N. The mechanism of the NRR can in general be classified
into two categories, namely, associative and dissociative
mechanisms.”'”** In the dissociative mechanism, the N,
molecule adsorbed over the catalyst is first dissociated into
two N atoms. These dissociated N atoms then react with three
proton-electron pairs to form NH; By contrast, in the
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Figure 2. (a) Electron density difference (isovalue = + 0.004 e/A%)
plot for N, adsorbed over Fe—C,N in an end-on fashion. The orange
and turquoise colors represent the electron density accumulation and
depletion, respectively. (b) Accumulation and (c) depletion of
electron density.

associative mechanism, the N, molecule reacts with a proton
and an electron, and the N—N bond dissociates simulta-
neously.”'”** In both of the systems considered here, only one
metal atom is present at the catalytic reaction center; thus,
there is no metal site available for the dissociation of the N,
molecule.”® Tt is also reported that the dissociative adsorption
of N, on similar systems is not thermodynamically favorable
and furthermore has to overcome a high energy barrier.*’
Hence, in this study, only the associative mechanism is taken
into account. The mechanism of the electrochemical reduction
of N, to NH; catalyzed by similar materials has already been
reported in the literature.'”'”**7>* Three types of mechanisms
are possible, namely, distal, alternating, as well as enzymatic
mechanisms, as shown in Figure 3.

The corresponding free energies of formation for the various
intermediates in different pathways using the Au—C,N catalyst
are given in Figure 4. Since the nature of N, adsorption is
physisorption, only distal and alternating pathways are
possible. In the distal mechanism, the distal N atom (farthest
N atom from the catalyst) is hydrogenated preferentially to
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Figure 4. Free energies for the formation of the various intermediates
during electrochemical N, reduction to NH; in distal (a) and
alternating (b) pathways catalyzed by Au—C,N.

form NH;, while in the alternating pathway, both of the N
atoms are alternately hydrogenated.” Figure 4a shows the free-
energy profile for the distal mechanism using the Au—C,N
catalyst, where both the formation of the *N-NH
intermediate and the release of the first NH; molecule (*N
+NH ;) are endergonic steps (Figure S5 in the Supporting
Information). If a potential of —1.6 V is applied, then all single
steps in this reaction pathway become exergonic. In the
alternating pathway, only the first step, i.e., the formation of a
*N—NH intermediate, is endergonic. The potential needed to
make all steps in this mechanism exergonic is also found to be
—1.6 V (see Figure 4b and Figure S6 in the Supporting
Information). The desorption of a second NH; molecule from
the catalyst, the last step of the reaction, is endergonic with a
free energy of 0.59 eV.

Similarly, the electrochemical NRR to NH; was modeled
using the Fe—C,N catalyst. Figure S shows the resulting free-
energy profiles in different pathways using the Fe—C,N
catalyst. In the distal pathway, the formations of *N—NH and
*N—NH, intermediates are endergonic steps. Meanwhile, in
the alternating mechanism, the formation of *NH—NH, is also

|N| NH NH, NH;
N !\ll IL I!l N NH NH, NH,
o]
M-CZN—N£M-CZN—>M-CZN—>M-02N—>M-CZN—>M-CZN—>M-CZN—>M-CZN—>M-C2N
L . 1,
HH H NH,
|
M-C(N — > MCN ——>  MC,N
NE=N N=NH NH=NH NH—NH, H,N NH, H,N  NH; H3T
M-CzNﬁz’ l:Vl-CzN—> M-CoN —> M-CoN —= M-C,N—>  M-CoN—> M-C,N—> M-C,N

Figure 3. Schematic diagram of the electrochemical reduction of N, to NHj in distal (black), alternating (red), and enzymatic (blue) pathways.

Here, M represents the metal atom supported in the C,N framework.
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Figure S. Free energies for the formation of the various intermediates
during electrochemical N, reduction to NH; in distal (a), alternating
(b), and enzymatic (c) pathways catalyzed by Fe—C,N.

endergonic along with the formation of two other
intermediates, i.e., *N—NH and *N—NH,. Our DFT results
suggest that a potential of just —0.7 V is required, such that the
NRR free-energy profiles become downhill only for both the
distal (Figure Sa and Figure S7 in the Supporting Information)
and alternating (Figure Sb and Figure S8 in the Supporting
Information) pathways. The enzymatic mechanism for the
NRR is also possible in the case of this catalyst since N, can
adsorb in a side-wise fashion. The corresponding potential
necessary for the first hydrogenation to become exergonic is
found to be —1.2 V for the enzymatic mechanism (see Figure
Sc and Figure S9 in the Supporting Information). This
potential could be ascribed to the positive free energy of
formation for the *N—NH intermediate in both distal and
alternating pathways and the formation of the *N—*NH
intermediate in the enzymatic pathway. The necessary
potential for the enzymatic pathway is found to be higher
than those for both distal and alternating pathways. This is due
to the N, adsorption energy difference since N, is adsorbed
stronger over Fe—C,N in an end-on fashion than the side-wise
adsorption. It has been reported that the enzymatic pathway is
more preferred than the distal and alternating pathways in the
case of boron-doped CN-type materials such as C;N, and C,N
catalysts.””>> However, our results suggest that the electro-
chemical NRR catalyzed by supported transition metal atoms

on nitrogen-doped carbon proceeds via either distal or
alternating mechanisms. We can now infer that the onset
potential for the electrochemical NRR to NH; depends on the
nature of the metal atoms in the C,N-supported catalysts. Our
results suggest that the onset potential for the Au—C,N
catalyst is —1.0 V higher than that for the Fe—C,N catalyst.
Moreover, this onset potential depends on the first step of
hydrogenation that is the formation of a *N—NH inter-
mediate. From this, it follows that this is the rate-determining
step, which is in line with previous studies.'”***">* We ascribe
this difference to the difference in N, adsorption energy; the
N, molecule binds much more strongly to Fe—C,N than to
Au—C,N.

Though the NRR mechanism can be generally classified into
three types, as shown in Figure 3, in reality, however, the
reaction mechanism is more complex. This is to say that
instead of the complete NRR, only part of it might be
continuing in a single mechanism. Hence, in order to find the
most appropriate mechanism through which the NRR could be
progressing, we computed the minimum free-energy pathways
for Au—C,N as well as Fe—C,N being the catalysts. Our results
suggest that with the Fe—C,N catalyst, the NRR initially
proceeds via the alternating pathway up to the formation of the
*NH—NH, intermediate, whereas for the remaining part, the
NRR proceeds through the distal pathway (Figure S10 in the
Supporting Information). However, from our calculations, we
also conclude that the alternating mechanism is the most
favored pathway for the NRR using Au—C,N as the catalyst.

Even though several catalysts have been proposed for the
NRR, the Haber—Bosch process is still heavily used in
industry. One of the main reasons for this is the low FE,
which is due to the competitive HER.'>'*!'*22 Hence, in this
study, we also calculated the free-energy profiles of HER using
M—C,N catalysts. The structures of *H intermediates, the H
atom adsorbed on the metal atom, as obtained by our
calculations, are shown in Figures S11 and S12 in the
Supporting Information. Figure 6 clearly indicates that the

0.30F 3
— Fe-CN
— Au-CN
< 0.15F i
o
>
>
@ 0.00f -
c
[
[0
o
w -0.151 *H 7
-0.30k 4

Reaction coordinate

Figure 6. Free-energy profile of the HER over Au—C,N and Fe—C,N
catalysts.

Au—C,N catalyst is not suitable for HER due to the positive
free energy of formation for the *H intermediate. However, in
the case of Fe—C,N, the formation of the *H intermediate is
exergonic with a free energy of —0.14 eV. Therefore, it is
expected that the HER would be competitive to NRR.

In order to investigate the role of the metal atoms in the
NRR, we also investigate the NH; synthesis catalyzed by
metal-free bare C,N. The first step of the NRR is the
adsorption of a N, molecule followed by the formation of a
*N—NH intermediate. Our results suggest that the adsorption
of N, is thermodynamically favorable with an adsorption

https://dx.doi.org/10.1021/acsaem.0c01740
ACS Appl. Energy Mater. 2020, 3, 10061—10069


http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01740/suppl_file/ae0c01740_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01740/suppl_file/ae0c01740_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01740/suppl_file/ae0c01740_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01740/suppl_file/ae0c01740_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01740/suppl_file/ae0c01740_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01740/suppl_file/ae0c01740_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01740/suppl_file/ae0c01740_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01740/suppl_file/ae0c01740_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01740?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01740?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01740?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01740?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01740?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01740?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01740?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01740?fig=fig6&ref=pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c01740?ref=pdf

ACS Applied Energy Materials

www.acsaem.org

energy of —0.18 eV, which is comparable to that of Au—C,N.
However, we find that the *N—NH intermediate, which is the
second step in the NRR, is not stable in the bare C,N scaffold
but forms a *H intermediate instead as shown in Figure S13 in
the Supporting Information. Thus, we can confirm that the
bare C,N scaffold is not a suitable NRR catalyst.

These theoretical calculations have been supplemented with
experimental NRR data based on different catalysts. Single Fe
atoms supported on NDPC (FeSAs—NDPC) are synthesized
and characterized in a similar way to that of AuSAs—NDPC.**
The XRD patterns of NDPC, AuSAs—NDPC, and FeSAs—
NDPC show two broad peaks at ~26 and ~44°. From this, it
follows that all of these materials are amorphous in nature and
no larger metallic domains or nanoparticles are present, which
is in line with our previous work (see Figure 7a).>* The N,

(a) (b)

——NDPC 1800 J——NPPC
—— FeSAs-NDPC “|——FeSAs-NDPC
—— AuSAs-NDPC _]——AusAs-NDPC
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20 40 60
2 Theta (degree)

Figure 7. XRD patterns (a) and N, physisorption isotherms at —196
°C (b) of NDPC, FeSAs—NDPC, and AuSAs—NDPC.

physisorption isotherms of all materials confirm the presence
of micropores and a very similar pore structure (Figure 7b).
These micropores are potential sites for the location of single
metal atoms that can act as the active centers for N, activation.
In Figure 8, TEM images of AuSAs—NDPC further show that
the material is porous with a flake-like structure. The structure
of AuSAs—NDPC remains similar to that of NDPC (see Figure
S14 in the Supporting Information), which indicates that the

Figure 8. Representative images of AuSAs—NDPC by means of TEM
(a), aberration-corrected STEM in bright-field mode (b), aberration-
corrected STEM in dark-field mode (c), and high-magnification
HAADE—STEM (d).

structure of the material does not change upon Au loading.
Similarly, TEM images of FeSAs—NDPC confirm that the
material is also porous with a flake-like structure that is very
similar to that of NDPC. High-angle annular dark-field
scanning TEM (HAADF—STEM) images of AuSAs—NDPC
and FeSAs—NDPC indicate that isolated Au and Fe single sites
(bright dots) are dispersed throughout the NDPC (Figure 7d
and Figure S15d in the Supporting Information), which will
eventually provide a large number of catalytic centers.

The performance of both catalysts was then experimentally
verified using a two-compartment cell in a three-electrode
system. For comparison, the NRR has also been carried out
using NDPC as the catalyst. Table 2 shows the FE and yield of

Table 2. Comparison of the FE and NH; Yield for the NRR
Using Metal-Supported NDPC and Bare NDPC

catalysts Faradaic efficiency (%) NH, yield (ug cm™ h™")
AuSAs—NDPC 10.1 3.7
FeSAs—NDPC 8.4 2.5
NDPC 1.3 1.1

the NH; formation using AuSAs—NDPC, FeSAs—NDPC, and
NDPC catalysts. It has been reported that at —0.2 V vs. RHE,
the highest FE is achieved using AuSAs—NDPC as the NRR
catalyst.”* This is the reason why for other catalysts, the NH,
formation is studied here at the same potential. In order to
confirm that the N atoms in the NH; molecules originate from
the N, gas only and in particular not from the catalyst itself, we
have performed a control experiment under an Ar atmos-
phe1‘e.12’55 Therein, however, no NH; is detected at —0.2 V vs.
RHE, as shown in Figure S16 in the Supporting Information.
This indicates that the N atoms in the detected NH; molecules
are solely sourced from the N, gas, and it also confirms the
stability of these catalysts under reaction conditions.

The catalytic performance of AuSAs—NDPC is found to be
slightly higher than that of FeSAs—NDPC at —0.2 V vs. RHE,
as can be seen from the corresponding FE and NHj yield listed
in Table 2. Both materials show notable catalytic activity in
NRR, which clearly confirms that the isolated metal sites are
the reason for the catalytic activity. In contrast to the
theoretical results, the AuSAs—NDPC has slightly better
catalytic properties. This is most likely due to the competitive
HER in the Fe—C,N catalyst, as predicted by our DFT
calculations (see Figure 6). Further, the desorption free energy
of the NH; molecule for the Fe—C,N catalyst is higher than
that on Au—C,N. Our results suggest that an energy of 1.33 eV
is required to desorb the NH; molecule from the Fe—C,N
catalyst, whereas only 0.59 eV is required in the case of Au—
C,N as the catalyst. Moreover, the C,N-type structure used
within our DFT calculations is an idealized model of NDPC,
whereas the experimentally applied nitrogen-doped carbon
supports have lower nitrogen content and a more disordered
structure. The interactions between isolated metal sites and the
disordered nitrogen-doped carbon support might be affecting
the N, activation, which is eventually the reason for the
superior catalytic performance in AuSAs—NDPC. In accord-
ance with the present theoretical investigations, a very low FE
of 1.3% and an NHj yield of 1.1 ug cm™ h™" is detected when
bare NDPC is used as the catalyst.
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B CONCLUSIONS

We have employed DFT-based calculations to elucidate the
underlying mechanism of the electrochemical NRR to NH;
catalyzed by single Au and Fe atoms supported in a layered
C,N material. From our results, we conclude that the metal
atoms (Fe and Au), which are present in the pore and bonded
to the N atoms of the C,N framework, are the active sites for
the reaction. Furthermore, in the Fe—C,N catalyst, both distal
and alternating pathways are preferred over the enzymatic
pathway. The onset potential is only —0.7 V for both distal and
alternating pathways, whereas it is —1.2 V for the enzymatic
pathway. The observed onset potential is due to the formation
of a *N—NH intermediate that is thus the rate-determining
step in the NRR. Similarly, for the Au—C,N catalyst, the onset
potential is found to be —1.6 V, which is higher than that for
the Fe—C,N catalyst. Hence, it is computationally predicted
that Fe—C,N is potentially a better catalyst than Au—C,N
owing to the lower onset potential of the former. We have also
experimentally demonstrated that single Au/Fe sites supported
in C,N—like NDPC are active NRR catalysts, which is in
agreement with the present theoretical prediction. However, in
contrast to the latter, the usage of an Au-based catalyst is still
slightly superior to the here suggested Fe-based one. Our DFT
results suggest that this is due to the competitive HER and
higher desorption energy of ammonia molecules in Fe-based
catalysts.
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